Acinetobacter species are defined on the basis of several phenotypic characters, results of DNA-DNA homology, and more recently, similarities or dissimilarities in 16S rRNA gene sequences. However, the 16S rRNA gene is not polymorphic enough to clearly distinguish all Acinetobacter species. We used an RNA polymerase ␤-subunit gene (rpoB)-based identification scheme for the delineation of species within the genus Acinetobacter, and towards that end, we determined the complete rpoB gene and flanking spacer (rplL-rpoB and rpoB-rpoC) sequences of the 17 reference strains of Acinetobacter species and 7 unnamed genomospecies. By using complete gene sequences (4,089 bp), we clearly separated all species and grouped them into different clusters. A phylogenetic tree constructed using these sequences was supported by bootstrap values higher than those obtained with 16S rRNA or the gyrB or recA gene. Four pairs of primers enabled us to amplify and sequence two highly polymorphic partial sequences (350 and 450 bp) of the rpoB gene. These and flanking spacers were designed and tested for rapid identification of the 17 reference strains of Acinetobacter species and 7 unnamed genomospecies. Each of these four variable sequences enabled us to delineate most species. Sequences of at least two polymorphic sequences should be used to distinguish Acinetobacter grimontii, Acinetobacter junii, Acinetobacter baylyi, and genomic species 9 from one another. Finally, 21 clinical isolates of Acinetobacter baumannii were tested for intraspecies relationships and assigned correctly to the same species by comparing the partial sequences of the rpoB gene and its flanking spacers.
Acinetobacter species are ubiquitous in the environment and have emerged as important nosocomial pathogens (3) . A propensity to tolerate drying (29, 30) and resistance to many commonly used antibiotics (28) are key factors in enabling the organism to survive and spread in the nosocomial environment. Furthermore, Acinetobacter species may serve as reservoirs of antibiotic-resistant genes, particularly in hospital environments (22) .
The genus Acinetobacter, originally proposed by Brisou and Prevot (6) , comprises a collection of bacteria which show a great deal of phenotypic similarities. Currently, the genus Acinetobacter comprises many taxons based on hybridization groups and classified as genomovars and genomospecies. From an official taxonomic point of view, there are currently 17 Acinetobacter nomenspecies with standing in nomenclature. However, several other genomospecies have been proposed, mainly on the basis of DNA hybridization studies (7, 20, 21, 28) .
Delineation of species within the genus Acinetobacter is often problematic (22) . A number of recent studies have attempted to set up reliable identification schemes based on DNA homology, phenotypic characters, and comparison of cell envelope and outer membrane protein patterns, but such methods yield inconsistent results (1, 10, 11, 12, 23) . The phenotypic characters of Acinetobacter species are susceptible to the conditions under which they are cultured (10) . Members of this genus have a large amount of genes devoted to catabolic pathways (named by authors as an "archipelago of catabolic diversity") that lead to adaptation to most substrates (2) . Thus, auxanograms have only limited usefulness. It is therefore no wonder that the recent edition of a widely consulted clinical microbiology manual has chosen to separate Acinetobacter species into only two groups, depending on their abilities to oxidize glucose and show hemolytic activities (24) .
The currently used 16S rRNA gene sequencing determinations have failed to distinguish closely related genomic species of Acinetobacter due to its extremely low polymorphic nature and cannot replace the standard DNA-DNA hybridization method (11, 32) . We experienced misidentification of Acinetobacter baumannii isolates as Acinetobacter calcoaceticus using 16S rRNA gene sequence comparison (16) that was later correctly identified using internal transcribed spacer and recombinase A (recA) gene sequence analyses (18) . Gene sequences, including those of internal transcribed spacer (9), gyrase B (gyrB), and recA genes, have been evaluated to delineate species within the genus Acinetobacter (15, 31, 33) . However, unavailability of the sequences of gyrB and recA genes for 10 recently described Acinetobacter species precludes the use of these gene sequences for comparing different species of Acinetobacter (7, 19, 20 (19) . In one study, of the seven genes tested, the rpoB gene had the highest discriminatory power in delineating Bartonella species (17) . To our knowledge, rpoB has not been evaluated for the delineation of Acinetobacter species. Moreover, the presence of only one copy of the rpoB gene in the genome of Acinetobacter sp. ADP1 was reported, which shows that the gene may be phylogenetically reliable (2) .
In this study, we investigated the usefulness of rpoB gene sequencing for the differentiation and identification of 24 Acinetobacter species. Moreover, we reported herein four highly variable regions, including two polymorphic areas in the rpoB gene and two flanking spacers bordered by conserved sequences, with the objective of designing universal primers for amplification of a small but discriminative sequence for routine molecular identification of Acinetobacter species.
MATERIALS AND METHODS
Bacterial strains. A total of 24 Acinetobacter strains representing type strains of currently accepted species were obtained from the Collection de l'Institut Pasteur (CIP) and examined in the present study (Table 1) . Additionally, 21 isolates of A. baumannii, including the louse strain of La Scola and Raoult (16, 18) , were also studied (see Table S1 in the supplemental material). All strains were grown on Columbia agar plates with 5% sheep blood (Trypticase soy agar; bioMérieux, Marcy-l'Etoile, France). These culture plates were incubated for 48 h at 37°C under aerobic conditions. Amplification and sequencing of the rpoB gene. The sequences of rplL, rpoB, and rpoC of Acinetobacter sp. ADP1 (GenBank accession number NC005966) and Pseudomonas syringae pv. tomato strain DC3000 (GenBank accession number NC 006347) had been aligned to design primers that were subsequently used to amplify the complete rpoB gene and flanking spacers. Additional primers were designed as required. This procedure as well as the procedures for DNA extraction, PCR amplification, and sequencing has been detailed elsewhere (14) .
Analysis of complete rpoB sequences. The nucleotide sequences of the target rpoB gene fragments obtained were processed into sequence data using standard software (Sequence Analysis Software; Applied Biosystems). The partially overlapping sequences encompassing the complete rpoB gene were combined into a single consensus sequence using sequence assembler software (Applied Biosystems). Multiple rpoB gene sequence alignments among all 24 species were made using the Clustal W program (26) on the EMBL-EBI web server (http://www.ebi .ac.uk/clustalw/).
The phylogenetic relationship between complete sequences of the rpoB gene and two spacers was estimated by the neighbor-joining method (8) . Phylogenetic trees were constructed, and their node reliabilities were estimated by performing bootstrap replicates. Bootstrap values were obtained from 1,000 trees generated randomly using SEQBOOT (PHYLIP software package). Proportional similarities of partial and complete rpoB sequences and spacers (rplL-rpoB and rpoB-rpoC) among species were computed using the MEGA 2.1 program.
Determination of discriminative partial sequences of the rpoB gene and flanking spacers. SVARAP (for Sequence VARiability Analysis Program; hypertext link "Téléchargements") software was used (http://ifr48.free.fr/recherche/jeu_cadre /jeu_rickettsie.html) to find the portions of sequences with high variability bordering highly conserved regions. These short fragments showing high variability were amplified and sequenced in all strains, including all isolates of A. baumannii. The primers used and their targets were as listed in Table 2 . PCRs were performed as described previously (14), with the exception of primer annealing (48°C for 30 s) and extension (72°C for 1 min). Nucleotide sequence accession numbers. GenBank accession numbers for sequences of the rpoB gene and flanking spacers obtained in the present study are listed in Table 1 .
RESULTS
Complete rpoB sequences of Acinetobacter species. The primers, designed as described above, amplified specific regions of rpoB in all the strains tested. In all species tested, the total size of the rpoB gene was 4,089 bp. Pairwise comparison of the percent similarities of DNA of rpoB genes of various strains tested varied between 83 and 99% (see Table S2 in the supplemental material). Only two pairs of species, Acinetobacter junii/Acinetobacter grimontii and Acinetobacter baylyi/genomic species 11, showed 99% DNA homology. The others showed less than 95% DNA homology when pairwise comparisons were made.
Identification of Acinetobacter species based on partial sequences. Using SVARAP software, we have identified two variable areas bordered by highly conserved regions: zone 1, between positions 2900 and 3250, and zone 2, between positions 3250 and 3700 (Fig. 1) . The primers targeting these variable areas were designed. Using the primers, as indicated above, we amplified zones 1 and 2 of all reference strains and all isolates of A. baumannii. The sizes of the variable zone 1 and zone 2 were 350 and 450 bp, respectively. The percent similarities of zone 1 varied between 78.6 and 99.1%. In a pairwise comparison of DNA homology of the complete rpoB gene, A. baylyi/genomic species 11 and A. junii/A. grimontii showed proportional similarities of 98 and 99.1%, respectively. In the remaining strains tested, such homology was Ͻ96%. The percent similarity of zone 2 ranged between 75.8 and 99.6%. Again, in a pairwise comparison, the species pairs A. junii/A. grimontii and A. baylyi/genomic species 11 showed percent similarities of 98.8 and 99.6%, respectively. In contrast, in other species tested, such percent similarity in a pairwise comparison, as indicated above, was 96%. Overall, the percentage of sequence variability in the partial rpoB gene ranged between 0.4 and 24.2%. In contrast, in the complete rpoB gene sequence, the percentage of such variability ranged between 0.8 and 16.9%. The two partial sequences unambiguously established the identities of all 24 strains of Acinetobacter.
Intraspecies similarities in the partial rpoB gene sequence were observed among 21 clinical isolates of A. baumannii. In a pairwise comparison, the strain CIP 103655 showed between 94.9 and 95.7% similarity of zone 1 sequences with other strains tested. The other strains tested showed between 98.3 and 100% similarity of zone 1 sequences among one another. For zone 2 sequences, there was between 98.7 and 100% similarity when two strains other than strain CIP 103655 were compared. Compared with other strains, zone 2 sequences of strain CIP 103655 showed between 93.6 and 94.4% similarity with those of other strains. Two species were found to be the closest to A. baumannii. These included genospecies 3 (percent similarity, 95.1%) and A. calcoaceticus (percent similarity, 93.6%) for zone 1 and zone 2, respectively. Except for that of the CIP 103655 strain, the percent similarities in zone 1 and 2 sequences between A. baumannii and its closest species were lower than the intraspecies similarities. For CIP 103655, the most distant isolate of A. baumannii was 94.9% and 93.6% similar in zone 1 and zone 2, respectively.
Analysis of flanking spacers of the rpoB gene. The lengths of two spacers (rplL-rpoB and rpoB-rpoC spacers) varied from species to species. The sizes of these spacers were as listed in Table 1 and Table S1 . The rplL-rpoB spacer (size, 301 to 310 bp) showed between 80.8 and 100% sequence similarity among various species studied herein. As was the case with partial and Phylogenetic analysis of Acinetobacter species. A phylogenetic tree was constructed from complete rpoB gene sequences using the neighbor-joining method. The phylogenetic tree so constructed was supported by high bootstrap values (Fig. 2) . Compared to that obtained by analyzing 16S rRNA genes (7 of 22), a bootstrap value of Ն75% was obtained significantly more frequently when complete rpoB genes of the strains (17 of 22) had been analyzed (P Ͻ 0.01). All the species were clearly separated into different groups. The tree based on partial rpoB (concatenated zone 1 and zone 2) showed homogeneous grouping of A. baumannii (Fig. 3) . Although the strain 103655 remained distinctly apart from other isolates of A. baumannii, it appeared in the same cluster. This clustering was supported by a bootstrap value of 85%.
DISCUSSION
The interspecies relationships in the genus Acinetobacter need further definition. This may be understandable, considering the fact that many genospecies are very similar phenotypically and, therefore, are not readily distinguishable (10) . The increasing pathogenic importance of Acinetobacter has stimulated the development of reliable identification methods for these strains. Although considered the gold standard, the DNA-DNA hybridization method is time consuming and labor intensive (25) . Sequencing of housekeeping genes in general and protein-encoding genes in particular and sequencing of 16S DNA have been used in the identification of species or strains and delineation of phylogenetic relationships among different strains and species within the genus Acinetobacter. Compared to 16S rRNA genes, housekeeping genes provide a higher degree of resolution as the latter genes evolve faster than the former (32). It may not therefore be surprising that various protein-encoding genes, including recA, groEL, hsp75, rpoB, rpoD, and gyrB, have been used for the classification of several unrelated bacteria at the intrageneric level (13, 14, 15, 31, 32, 34) . Unfortunately, the gyrB and recA gene sequences are not available for 10 recently described species of Acinetobacter. This makes it impossible to compare their performances with those of rpoB gene sequences in delineating various species of Acinetobacter.
Several investigators have sequenced gyrB and recA genes of 14 genomic species of Acinetobacter and studied them to delineate phylogenetic relationships among different members of the genus Acinetobacter (5, 15, 31, 33) . Furthermore, these investigators compared the performance of the gene sequencebased identification scheme, as indicated above, with that based on DNA-DNA hybridization (4, 27) . In our study, we constructed phylogenetic trees incorporating 14 genospecies of Acinetobacter and found no congruency among four individual phylogenetic trees constructed using the sequences of 16S rRNA, rpoB, gyrB, and recA genes (data not shown). However, a bootstrap value of Ն75% was a statistically significant (P Ͻ 0.05) occurrence when a phylogenetic tree was based on rpoB (11 of 12) gene sequences compared to that based on either 16S rRNA (4 of 12), gyrB (5 of 12), or recA (6 of 12) gene sequences. This shows that the robustness of the phylogenetic tree was based on the rpoB gene sequence. A. lwoffii and Acinetobacter genomic species 9 were shown to be 100% identical when their partial gyrB gene sequences had been analyzed and compared. However, sequencing of gyrD and recA genes (15, 33) separated them. In the present study, these two species were clearly differentiated as they showed variability between 4.9 and 6.7% in their complete rpoB gene sequence and two partial sequences of the rpoB gene. The sequence of the rpoB gene failed to clearly distinguish A. baylyi from genospecies 9 on one hand and A. grimontii from A. baylyi on the other. Unfortunately, the sequences of gyrB and recA genes are not available to use for such comparisons.
For the routine identification of Acinetobacter, either of two partial sequences and spacers can be used as they have high discriminative power and short lengths. However, such an identification scheme may not be sufficient to distinguish A. grimontii from A. junii and A. baylyi from Acinetobacter genomic species 9 (Table 3) . One way of addressing this problem is to incorporate another short variable sequence into the identification scheme. In order to identify an Acinetobacter isolate, zone 1 should be determined first as it is the shortest and allows clear identification of 20 of 24 species. If the sequences of zone 1 in A. grimontii and A. junii are similar, then the sequences of zone 2 should be studied to make a clear distinction between these two species (Table 3) . On the other hand, if the sequences of zone 1 in A. baylyi and genomic species 9 are similar, then it will be useful to determine the sequence of the rpoB-rpoC spacer as it may make a clear distinction between these two species ( Table 3) .
The intraspecies variability of the short discriminative fragments observed within the A. baumannii species showed that, with exception of CIP 103655, all isolates have clearly higher degrees of similarities than that observed between A. baumannii and its closest species. However, the similarities observed between A. baumannii CIP 103655 and other isolates of the genus suggest that the identification of some isolates in this species could be ambiguous. All in all, an identification scheme based on analyzing partial rpoB gene sequences and flanking spacers may prove useful in the molecular identification of Acinetobacter. However, due to possible intraspecies dissimi-
FIG. 3. Dendrogram representing phylogenetic relationships of
Acinetobacter species and intraspecies relationships of A. baumannii strains using the neighbor-joining method. The tree was derived from the alignment of concatenated zone 1 and zone 2 of the partial rpoB gene sequences. The support of each branch, as determined from 1,000 bootstrap samples, is indicated by the value at each node (in percent).
Only bootstrap values of Ն75% are indicated. larities and interspecies high similarities, such a diagnostic scheme should be undertaken for a large collection of Acinetobacter isolates. Moreover, the status of some isolates (e.g., A. baumannii CIP 103655) or some species (e.g., A. grimontii and A. baylyi) should be assessed by DNA-DNA hybridization studies and analyses of the sequences of such housekeeping genes as recA and gyrB. The molecular identification scheme proposed herein will provide better genetic definition of large collections of strains representing named species and will then serve as the basis for a large-scale phenotypic study to determine better biochemical tests to separate groups, especially the group of Acinetobacter species isolated in humans.
